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Summary 
Cross-laminated timber panels are composite wood products with an increasing application in civil 
engineering. The low environmental impact and high mechanical performance encourage the use of CLT 
in modern buildings instead of traditional mineral-based building materials. The complex CLT-specific 
material characteristics, characterized by the high shear deformations across the plate thickness, 
complicate an accurate kinematic description of CLT. The traditional computational models used in 
standards for design of timber structures are generally based on beam theories, limiting the design 
approaches to slender panels. Therefore, the application of complex numerical models is required for a 
more intensive use of CLT. 
In the paper, the full layerwise theory of Reddy served as a basis for the formulation of layered 
quadrilateral finite elements for the analysis of CLT panels. Original procedure for post-processing of 
stresses is presented. The model is validated against the numerical and experimental data in the literature. 
Excellent agreement is achieved. 
Keywords: cross-laminated timber, finite element, layerwise theory 
Резиме 
Панели од унакрсно ламелираног дрвета (CLT) су композитни производи чија примена у грађеви-
нарству је све већа. Мали утицај на животну средину и добре механичке карактеристике доводе до 
примене CLT панела у модерним зградама, уместо традиционалних (минералних) грађевинских 
материјала. Сложене материјалне карактеристике специфичне за CLT, које одликују високе смичу-
ће деформације по дебљини панела, компликују прецизно описивање кинематике CLT панела. 
Tрадиционални прорачунски модели, примењени у стандардима за прорачун дрвених 
конструкција, генерално се заснивају на теоријама греде и ограничени су на танке панеле. Са тим 
у складу, примена сложених нумеричких модела неопходна је за повећану примену CLT панела. 
У овом раду, Reddy-ева слојевита теорија плоча била је основ за формулисање слојевитих 
четвороугаоних коначних елемената за анализу CLT панела. Дата је оригинална процедура за 
прорачун напона. Прецизност модела је потврђена поређењем са нумеричким и експерименталним 
подацима из литературе, и добијено је одлично поклапање резултата. 
Кључне речи: унакрсно ламелирано дрво, коначни елемент, слојевита теорија 
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1. INTRODUCTION 
Cross-laminated timber (CLT) panels are compo-
site wood products with an increasing application 
in civil engineering during the last decade [1]. The 
low environmental impact and high mechanical 
performance encourage the use of CLT in modern 
residential and commercial buildings, instead of 
traditional mineral-based materials [2]. CLT panels 
consist of several (3, 5 or 7) laminas stacked and 
glued together in the cross-ply manner. Each layer 
has a thickness of 6-51 mm [3, 4] while the total 
thickness of commercial products is usually up to 
300 mm. These structural elements usually have 
the span (l) and the width (b) up to 15 m and 3 m, 
respectively. Their thick and orthogonal structure, 
providing the considerable stiffness with the low 
weight, allows the application as full size walls or 
floors [5]. Finally, the ease of assembly allows pre-
fabrication and reduces construction time and cost. 
Wood is an orthotropic material with three 
principal material axes: the first one is aligned with 
the fiber or trunk direction (L), while the remaining 
two axes are orthogonal to the annual rings (radial 
direction – R and tangential direction - T). The 
principal material axes are shown in Figure 1. The 
orthotropic elastic material behavior of wood and 
the crosswise lay-up yield a relatively complex de-
formation behavior of CLT. The high ratio of mo-
dulus of elasticity in fiber direction (EL) of length-
wise layers and the corresponding transverse shear 
modulus of the cross layers (rolling shear modulus 
GRT) provokes high shear deformations across the 
plate thickness. The transverse shear strains xz and 
yz show considerable discontinuities at layer inter-
faces, while transverse shear stresses xz and yz are 
continuous and strongly nonlinear across the plate 
thickness. The above CLT-specific material cha-
racteristics complicate an appropriate and accurate 
kinematic description of cross-laminated timber. 
For an intensive and safe use of CLT, the 
challenges in the design phase require the 
application of complex numerical models.  
Current design models for CLT mainly emerged 
from the long tradition of using only simple one-
dimensional elements in wood structures. These 
models are generally based on different beam 
theories. Application of simple laminated beam 
theory is the most straightforward approach, but it 
neglects transverse shear effects [6]. The γ-method 
[7] allows the analysis of compliantly joined be-
ams by introducing a correction factor to the ben-
ding stiffness. The shear analogy method [8, 9] is 
based on the separation of the two parts of overall 
bending stiffness of CLT: the individual stiffnesses 
of the lamellae and the stiffness increments by 
their joint action. However, beam theoretical app-
roaches are not able to account for two-dimen-
sional load transfer and, thus, cannot reflect the 
load carrying mechanism of a plate-like structure. 
These approaches are limited to slender panels 
(with a single pronounced load bearing direction). 
 
Figure 1. Principal material directions, elastic 
and shear moduli of wood 
Two-dimensional approaches are conventionally 
applied through the applications of equivalent-
single-layer (ESL) laminate theories [10-13]. The 
application of ESL theories is justified for the 
prediction of the global behavior of CLT (static 
deflections, critical buckling loads, fundamental 
vibration frequencies and mode shapes), and espe-
cially for slender laminates. In order to compensate 
for the incompatibility in the energetic balance, a 
shear correction factor is introduced in [11, 12]. 
However, if a highly accurate assessment of the 
stress-deformation state of the CLT is needed (for 
example, in localized regions around point 
supports, or simply in the case of very thick 
structural member) the use of refined laminate 
theories is recommended. The extensive review of 
refined laminate theories can be found in [14, 15], 
among others. Classical exact solutions for compo-
site laminates in cylindrical bending developed by 
Pagano [16] could be successfully applied for 
standard thin CLT panels. The application of parti-
al layerwise laminate theories has been authors’ 
focus in development of response of previously 
damaged composite laminates [17-19]. Further 
incorporation of the transverse normal stress z, as 
proposed in Full-Layerwise Plate Theory (FLWT) 
[20] is important in modeling the localized effects 
such as holes, cut-outs or stress-deformation state 
around point supports (z is significant in these 
regions). The use of FLWT is justified also due to 
the capability to account for continuous transverse 
(interlaminar) stresses xz, yz and z at layer 
interfaces, which is not possible in ESL theories. 
This satisfies the continuity conditions between the 
stress fields of the adjacent layers in the laminate. 
In the paper, the full layerwise theory of Reddy 
[20] (FLWT) served as a basis for the development 
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of two layered quadrilateral finite elements (Q4 
and Q8) for the analysis of CLT, accounting for the 
layerwise expansion of all three displacement com-
ponents. Original procedure for post-processing of 
stresses is presented. The computational model is 
implemented using original object-oriented 
MATLAB [21] code, while the GUI for pre- and 
post-processing is developed using GiD [22]. The 
presented approach is validated against the 
available numerical and experimental data in the 
literature, and excellent agreement is achieved. 
Great potential for the use of the proposed model 
in the analysis of CLT is demonstrated. 
2. LAYERWISE THEORY FOR BENDING 
ANALYSIS OF CLT PANELS 
In the paper, we consider CLT panels made of n 
orthotropic layers. The total plate thickness is de-
noted as h (see Figure 2), while the thickness of the 
k
th
 lamina is denoted as hk. The plate is supported 
along the portion Гu of the boundary Г and loaded 
with loadings qt(x,y) and qb(x,y) acting to either top 
or the bottom surface of the plate (St or Sb). 
 
Figure 2. Laminated composite plate with n 
material layers and N numerical interfaces 
Piece-wise linear variation of all three displa-
cement components through the plate thickness is 
imposed, leading to the 3D stress description of all 
material layers. The displacement field of an 
arbitrary point (x,y,z) of the laminate is given as: 
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In Eq. (1), U
I
(x,y), V
I
(x,y) and W
I
(x,y) are the dis-
placement components in the I
th
 numerical layer of 
the plate in directions x, y and z, respectively, 
while N is the number of interfaces between the 
layers including St and Sb. Ф
I
(z) are selected to be 
linear layerwise continuous functions of the z-
coordinate, and they are given in [20]. 
The linear strain field associated with the pre-
viously shown displacement field can be found in 
[20]. It serves as the basis for the derivation of 3N 
governing differential equations which define the 
strong form of the FLWT. To reduce the 3D mo-
del to the 2D, the z-coordinate is eliminated by the 
explicit integration of stress components multiplied 
with the corresponding functions ФI(z), introducing 
the stress resultants which can be found in [20]. 
The stresses in the k
th
 layer are computed from the 
well-known lamina constitutive equations, while 
the laminate constitutive relations are derived by 
integrating the lamina constitutive equations 
through the thickness of the plate. The system of 
3N Euler-Lagrange governing equations of motion 
for the FLWT are derived using the principle of 
virtual displacements, by satisfying the equilibri-
um of the virtual strain energy U and the work 
done by the applied forces V: 
1
0
0
0
II
xy Ixx
x
I I
xy yy I
y
II
y Ix
z b I t IN
NN
Q
x y
N N
Q
x y
QQ
Q q q
x y
 

  
 
 
  
 

    
 
 (2) 
where , , , , ,I I I I I Ixx xy yy x y zN N N Q Q Q  are stress resul-
tants defined in [20], while I1 and IN are displace-
ment vectors at interfaces Sb and St, respectively. 
3. FINITE ELEMENT MODEL 
Based on the FLWT, the displacement finite ele-
ment model (weak form) is derived by substituting 
an assumed interpolation of the displacement field 
into the equations of motion of the FLWT. The la-
yered finite elements require only C0 continuity of 
the generalized displacements along element bo-
undaries, because only translational displacement 
components are adopted as the nodal degrees of 
freedom. Out of plane coordinate has been elimina-
ted in the calculation after the explicit integration 
of the displacement field in out-of-plane direction. 
This allows the formulation of the family of 2D la-
yered (plate) finite elements. This allows for the 
2D data structure which provides the following 
advantages against the conventional 3D models: 
 the amount of input data is reduced, 
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 the out of plane interpolation can be refi-
ned independently of the in-plane one, 
 Model reduction to a 2D one results in the 
computational savings while constructing 
the FE stiffness matrix. 
All displacement components are interpolated as: 
1
1
1
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In Eq. 3, m is the number of nodes per element, 
, ,I I Ij j jU V W are the nodal values of displacements 
U
I
, V
I
 and W
I
 in the j
th
 element node representing 
the behaviour of the laminated composite plate in 
the I
th
 numerical interface. Finally, j(x,y) are 2D 
Lagrange interpolation polynomials associated 
with the j
th
 element node. The strain field is inter-
polated in the usual manner, by incorporating Eq. 3 
in the kinematic relations of the FLWT (Eq. 2). 
The matrix form of the FE model is obtained as: 
   IJ I IK F      (4) 
In Eq. 4, [K
IJ
] is the element stiffness matrix, {I} 
is the element displacement vector and {F
J
} is the 
element force vector, I=1,…,N and J=1,…,N. [KIJ] 
is obtained using 2-D Gauss-Legendre quadrature 
for quadrilateral domains. Linear Q4 and quadratic 
serendipity Q8 layered quadrilateral elements have 
been considered. To avoid shear locking, reduced 
integration is used (22 points for Q8 and 11 
point for Q4). After the derivation of cha-
racteristic element matrices, the assembly proce-
dure is done in a usual manner. After the assembly 
procedure, the mathematical model on the structu-
ral level is obtained as Kd = f, where K, d and f 
are system stiffness matrix and system displace-
ment and force vectors. 
4. POST-COMPUTATION OF STRESSES 
The assumed piecewise linear interpolation of 
displacement field through the laminate thickness 
provide discontinuous stresses across the interface 
between adjacent layers. Once the nodal displace-
ments are obtained, the stresses at the top (t) and 
bottom (b) interfaces of the k
th
 lamina can be com-
puted from the constitutive relations: 
 
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In Eq. 5, ijC are the transformed elastic coeffici-
ents in the laminate (x,y,z) coordinates [20], while 
j,x and j,x denotes differentiation of Lagrange 
shape functions by x and y, respectively. Since the 
interlaminar stresses calculated in this way does 
not satisfy continuous distribution through the la-
minate thickness, they are post-processed by 
assuming the quadratic distribution within each 
layer k for every stress component: 
  2k k k k k k kxz yz z ij ij ija z b z c     τ
 (6) 
where k = 1,2,…,N and ij = xz, yz or zz. 
This requires 3N equations for each of interlaminar 
stresses: 
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- satisfying the traction boundary conditions at Sb 
and St (2 equations) 
   1 0 , Nb N tz q z h q      (7a) 
- providing the continuity of interlaminar stresses 
along interfaces (N-1 equations) 
   1 1 0
k k
kz h z 

    (7b) 
- assuming the interlaminar stresses from the cons-
titutive equations to be an average interlaminar 
stresses within a considered layer (N equations) 
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k b t
kz dz h
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
  (7c) 
- computing the jump in interlaminar stresses at 
each interface utilizing the 3D stress equations of 
equilibrium (N-1 equations) 
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where  3 3 3 3
T
D D D D
xz yz zz  τ is the vector of in-
terlaminar stresses, obtained from the additional 
3D equilibrium equations: 
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5. MODEL VALIDATION 
Example 1. The goal of the first example is to va-
lidate the proposed numerical model through the 
computational analysis of thick CLT panels. The 
focus is on the accurate representation of the 3D 
stress distribution through the thickness of the CLT 
panel. Thick panels are considered in order to 
highlight the inadequacy of ESL-based models for 
the accurate prediction of 3D stress state. The pa-
nels are simply supported along all sides in order 
to compare the obtained results against the Navier 
solutions based on both classical (CPT) and first-
order shear deformation laminate theories (FSDT), 
and the exact solution by Pagano [16]. The bench-
mark results are extracted from [5]. 2525 Fourier 
terms were considered for analytical solutions.  
In the example, two simply supported square (a=b) 
CLT panels are analyzed (see Figure 3). The first 
panel is composed of three layers, having the 
thickness h = [h0/h90/h0] = [26/40/26] = 92mm. The 
side length of the panel is a = b = 920 mm (a/h = 
10). The second panel is a 5-layer one, having the 
thickness h = [h0/h90/h0/h90/h0] = [26/40/26/40/26] 
= 158mm. The side length of the panel is a = b = 
1580 mm (a/h = 10). 
Each layer is modeled as a C24 unidirectional 
lamina, with the following material properties: EL 
= 11000 N/mm
2
, ET = ER = 370 N/mm
2
, GLT = GLR 
= 690 N/mm
2
, GRT = 50 N/mm
2
, νLT = 0.49, νLR = 
0.39 and νRT = 0.64. The mechanical properties of 
CLT are adopted according to [5, 23]. 
Boundary conditions are prescribed in edge nodes: 
U
I 
= W
I 
= 0 for edge parallel to x-axis and V
I 
= W
I 
= 
0 for edge parallel to y-axis. The panels are expo-
sed to high distributed loads at the top surface, qt = 
350 kPa. The convergence study of the present mo-
del is performed using both Q4 and Q8 elements 
with reduced integration (to avoid shear locking). 
Two different mesh sizes are considered in both 
models: 66 and 1010 for the first panel, and 
1010 and 1616 elements for the second one. The 
laminas are modeled as single numerical layer, 
adopting the linear distribution of displacements 
along the lamina thickness. 
 
Figure 3. Considered 3- and 5-ply CLT panels 
Figure 4 illustrates the distributions of: the in-plane 
displacement u at (0, b/2) and normal stresses x 
and y at (a/2, b/2) through the thickness of the 3-
ply panel. The zig-zag shaped distribution of disp-
lacement u is achieved using FLWT for both ele-
ments and both considered mesh densities. This is 
in accordance with the exact solution [16]. 
For all considered models, two in-plane stress 
components x and y exhibit the correct disconti-
nuous distribution, with considerably different slo-
pes in soft and stiff layers. However, both CPT and 
FSDT theories underpredict the max normal stress 
x, that may lead to design errors when dealing 
with the thick CLT panels. On the other hand, 
FLWT-based models have excellent agreement 
with the exact solution even for the coarse mesh 
and relatively simple (Q4) element type. 
The considered transverse shear stresses xz and yz 
are plotted in Figure 5 along the thickness coordi-
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Figure 4. Distributions of the in-plane displacement u (0, b/2) and normal stresses x and y at (a/2, b/2) 
through the thickness of the 3-ply panel, considering different models, element types and mesh densities 
 
Figure 5. Distributions of the transverse shear stresses xz (0, b/2) and yz (a/2, 0) through the thickness of the 
3-ply panel, considering different models, element types and mesh densities  
 
Figure 6. Distributions of the in-plane displacement u (0, b/2) and normal stresses x and y at (a/2, b/2) 
through the thickness of the 5-ply panel, considering different models, element types and mesh densities 
  
Figure 7. Distributions of the transverse shear stresses xz (0, b/2) and yz (a/2, 0) through the thickness of the 
5-ply panel, considering different models, element types and mesh densities  
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nate z at the locations (0, b/2) and (a/2, 0), for the 
3-ply panel. Obviously, ESL theories are unable to 
represent the correct distribution of xz and yz 
through the plate thickness. However, the trans-
verse shear stress distributions obtained from both 
the exact solution and the Q8 finite element models 
based on FLWT exhibit the laminate-specific 
course. The slight asymmetry of transverse shear 
stresses obtained in the above solutions originates 
from the effect of the transverse normal stress z 
which is disregarded in ESL plate theories. As 
indicated in [5], the discrepancies of out-of-plane 
shear strains xz and yz obtained using FSDT will 
lead the unrealistic results for the corresponding 
transverse shear stresses xz and yz, because these 
stress components are obtained using relatively 
simple Hooke's law formula adopted in classical 
standards for the design of timber structures. 
Q4 (linear) elements based on FLWT cannot give 
the accurate prediction of the transverse shear 
stresses, due to the relatively low number of inte-
gration points used in the reduced integration of 
element stiffness matrices. On the contrary, Q8 
elements are capable to predict the laminate-speci-
fic distribution of transverse shear stresses, with 
the slight overprediction. Mesh refinement lead to 
the convergence of results for xz and yz to the 
exact solution. 
Figure 6 shows the distributions of u (0, b/2), x 
(a/2, b/2) and y (a/2, b/2) through the thickness of 
the 5-ply panel. Again, the zig-zag shaped distribu-
tion of u is achieved using FLWT. For the 5-ply 
panel, all considered models give accurate pre-
diction of the max normal stresses x and y. 
Nevertheless, the ESL-based models are not comp-
letely matching the exact stress distribution, 
especially at layer interfaces. 
The distribution of transverse shear stresses xz and 
yz at characteristic locations is depicted in Figure 
7. While the ESL theories are unable to represent 
the correct distribution of xz and yz, the transverse 
shear stress distributions from the Q8 finite ele-
ment models based on FLWT are in agreement 
with the exact solution. Again, the asymmetry ori-
ginates from the effect of the transverse normal 
stress z. Q4 FLWT elements fail in the prediction 
of the transverse shear stresses, while the Q8 
elements are capable to predict the laminate-speci-
fic distribution of xz and yz. 
Example 2. In the second example, experimental 
data from [24] is used to further validate the pro-
posed model. Simply supported thin, square (a=b) 
CLT panels are considered, as shown in Figure 8. 
The panels have the following geometry: a = b = 
2450mm, h = [h0/h90/h0] = [10/50/10] = 70mm (a/h 
= 35). Each layer is modeled as a C24 unidi-
rectional lamina. Two sets of material properties 
(see Table 1) are considered. The panels are expo-
sed to concentrated loads of 30kN, on subareas of 
150x150 mm². Two load layouts are considered: in 
the plate center (Q) and at four quarter points (4Q). 
Boundary conditions are prescribed in edge nodes: 
U
I
=W
I
=0 for edge parallel to x-axis and V
I
=W
I
=0 
for edge parallel to y-axis. Two different mesh 
sizes are used: 1717 and 3232 finite elements. 
 
Figure 8. Layout of [10/50/10] mm CLT panel 
loaded with Q=30kN in plate center (green) 
and at four quarter points (red) 
Table 1.  Mechanical properties for two 
considered CLT panels of class C24 
 Panel 1 Panel 2 
EL 11500 N/mm
2
 12500 N/mm
2
 
ET = ER 575 N/mm
2
 625 N/mm
2
 
GLT = GLR 720 N/mm
2
 780 N/mm
2
 
GRT 70 N/mm
2
 80 N/mm
2
 
νLT 0.49 
νLR 0.39 
νRT 0.64 
For the comparison, the mean experimental data 
[24] for the deflection w and the stress component 
x are summarized in Tables 2 and 3, from the 
measurements on the three replicates of each plate 
set. In addition, set of results obtained using the 
analytical solution based on FSDT is extracted 
from [5] to compare the obtained results with these 
obtained using ESL-based model. 
Table 2.  Comparison of maximum deflections 
from different FE models against experimental 
[24] and Navier (FSDT) solution [5] 
Load 4Q 4Q Q Q 
Panel 1 2 1 2 
wexp [24] 33.8 30.2 20.9 18.2 
wFSDT [5] 34.1 31.4 20.9 19.2 
Q4 1717 31.13 28.6 18.56 17.02 
Q4 3232 31.29 28.75 19.28 17.68 
Q8 1717 31.01 28.49 18.61 17.06 
Q8 3232 31.26 28.72 19.24 17.64 
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Table 3. Comparison of normal stresses x on the 
bottom side of CLT panels from different FE 
models, against experimental [24] and Navier 
(FSDT) solution [5] 
Load 4Q 4Q Q Q 
Panel 1 2 1 2 
wexp [24] 27.7 27.2 28.1 23.4 
wFSDT [5] 20.4 20.6 20.4 20.6 
Q4 1717 22.15 22.09 21.08 21.03 
Q4 3232 24.08 24.01 23.80 23.74 
Q8 1717 24.80 24.74 23.29 23.22 
Q8 3232 27.94 27.83 27.94 27.83 
In terms of the deflection w, the proposed model 
gives slightly stiffer response of CLT panels in 
comparison with the experimental data. The ave-
rage relative deviation from the measured data is -
6.8%. Better agreement (-4.9%) is obtained for 4Q 
loading scheme, in comparison with Q (-8.6%). 
The obtained values are expectedly lower in com-
parison with FSDT, due to the more accurate con-
sideration of transverse shear deformation. The 
average deviation is -9.1%. 
As shown in [5], FSDT results for the normal 
stress σx are lower than the experimental data for 
about 20 %, even for very slender plates with an 
a/h ratio of 35, confirming that FSDT is unable to 
accurately predict the stress state in CLT under 
concentrated loading, due to neglecting of z. 
On the contrary, FLWT confirmed to give an accu-
rate prediction of the normal stress σx directly un-
der concentrated loading. However, the accuracy 
of results depends on mesh density and selected 
element type. As shown in [5], considerable devi-
ations of the results obtained using FLWT from the 
measured data are only observed for Panel 2 under 
concentrated load in the plate center (see the last 
column in Tables 2 and 3). The plates of this set 
showed some variation of the elastic moduli mea-
sured at the bottom layers [5]. 
For other three sets of results, the average differen-
ces for the normal stress x are: -21.3% for 1717 
Q4, -13.4% for 3232 Q4, -12.2% for 1717 Q8 
and only -0.9% for 3232 Q8 elements, showing 
the obvious convergence of results.  
6. CONCLUSIONS 
The application of Cross-laminated timber (CLT) 
panels is increasing during the last decade, due to 
the low environmental impact and high mechanical 
performance. The thick and orthogonal structure of 
CLT provides the considerable stiffness with the 
low weight, while the ease of assembly allows pre-
fabrication and reduces construction time and cost. 
The orthotropic behaviour of CLT is characterized 
by high shear deformations across the plate thick-
ness. Transverse shear stresses xz and yz are conti-
nuous and strongly nonlinear across the plate 
thickness, which complicates an appropriate and 
accurate kinematic description of CLT. To over-
come the above difficulties, the full layerwise theo-
ry of Reddy (FLWT) served as a basis for the de-
velopment of Q4 and Q8 layered quadrilateral fini-
te elements. To avoid shear locking, reduced inte-
gration is used. Starting from the layerwise expan-
sion of all displacement components, FLWT is ca-
pable to calculate all components of the stress ten-
sor, in contrary to the conventional equivalent-
single-layer theories. The incorporation of the 
transverse normal stress z is especially important, 
allowing the modeling of the localized effects such 
as holes, cut-outs or point supports.  
The computational model is coded in MATLAB 
via object-oriented approach, while the GUI for 
pre- and post-processing is developed using GiD 
software. Original procedure for post-processing of 
stresses is presented. The formulated elements are 
applied in the computational bending analysis of 3-
ply and 5-ply CLT panels. Both thick and slender 
panels are considered. From the conducted analy-
ses, the following conclusions are derived: 
 Both CPT and FSDT laminate theories un-
derpredict the normal stress x in thick 
CLT panels, in comparison with the exact 
solution. The differences are higher for the 
3-ply than for the 5-ply panel, and they are 
highest at layer interfaces. 
 The above plate theories are also unable to 
represent the correct distribution of xz and 
yz through the plate thickness.  
 For slender CLT panels under concentra-
ted loading, FSDT theory gives ~9% stiffer 
response in terms of deflections, when 
compared with the FLWT. The reason is 
the relatively simple consideration of 
transverse shear deformation by means of 
shear correction factor. 
 FSDT results for the normal stress σx are 
lower than the experimental data for about 
20 %, confirming that FSDT is unable to 
accurately predict the stress state in CLT 
under concentrated loading. 
 In terms of the static deflection w, FLWT 
gives slightly stiffer response of CLT pa-
nels in comparison with the experimental 
data. Better agreement is obtained for 4Q 
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loading scheme, in comparison with the 
plate under center concentrated loading Q. 
 FLWT-based models have excellent agree-
ment of stress components x and y with 
the exact solution. Stresses exhibit the 
correct discontinuous distribution, with 
considerably different slopes in soft and 
stiff layers. 
 FLWT also confirmed to give an accurate 
prediction of σx in slender CLT panels un-
der concentrated loading. When compared 
to the measured experimental data, the 
accuracy of results depends on mesh den-
sity and selected element type. The avera-
ge difference for x is only -0.9% for fine 
mesh of Q8 elements, showing the obvious 
accuracy of the model. 
 Q4 elements cannot give the accurate pre-
diction of the transverse shear stresses, due 
to the relatively low number of integration 
points used in the reduced integration of 
element stiffness matrices.  Q8 elements 
are capable to predict the distribution of 
transverse shear stresses. 
 The slight asymmetry of transverse shear 
stresses obtained in the FLWT comes from 
the effect of the transverse normal stress z 
which is disregarded in ESL plate theories. 
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